abstract: Sperm experience intense and varied selection that dramatically impacts the evolution of sperm quality. Selection acts to ensure that sperm are fertilization-competent and able to overcome the many challenges experienced on their way towards eggs. However, simply being able to fertilize an egg is not enough to ensure male fertility in most species. Owing to the prevalence of female multiple mating throughout the animal kingdom, successful fertilization requires sperm to outcompete rival sperm. In addition, females can actively influence sperm quality, storage or utilization to influence male fertility. This review provides an overview of how these selective forces influence the evolution of sperm quality. After exploring the link between sperm traits and male fertility, we examine how post-mating competition between rival ejaculates influences the evolution of sperm quality. We then describe how complex genetic, social and sexual interactions influence sperm quality, focusing on the importance of seminal fluid and interactions between sperm and the female's reproductive tract. In light of the complexities of selection on sperm traits, greater use of multivariate approaches that incorporate male -male, sperm -sperm and sperm -female interactions to study sperm quality will enhance our understanding of how selection acts on sperm traits and factors influencing male fertility. Because the metric of male reproductive success-fertilization-is the same across the animal kingdom, we argue that information about sperm evolution gained from nonhuman animals has enormous potential to further our understanding of the factors that impact human fertility.
Introduction
In pursuit of reproductive opportunities, animals traverse the world's oceans and continents (Gill et al., 2009) , grow energetically expensive weaponry to fight for access to mates (Emlen, 2008) , advertise their sexual prowess with elaborate visual, vocal and chemical signals (Andersson, 1994) , and mate so frequently that they are unable to produce enough gametes to satisfy their sexual appetite (Preston et al., 2001) . However, despite these challenges, finding and successfully mating with a sexually receptive partner are but the beginning of securing paternity. Sperm must survive and perform outside of the male's body and compete against rival sperm when migrating towards, and attempting to fertilize, eggs. Most sperm will fail. Yet, the stakes are high as only sperm fusing with an egg and forming a viable embryo will pass the male's genes to future generations. Thus, sperm experience intense selection while making their way towards an egg, which has important implications for the evolution of sperm quality.
Fertilization in animals occurs both outside and inside the female reproductive tract, with external fertilization considered the ancestral state (Levitan and Petersen, 1995) . However, regardless of the site of fertilization, sperm are exposed to numerous challenges on their journey to the egg (Birkhead et al., 1993) . In externally fertilizing species (e.g. many marine invertebrates, most bony fishes and most anurans), sperm and eggs are typically shed into an aquatic environment where they meet and fuse. In these species, sperm face extrinsic environmental stressors (e.g. osmotic and temperature stress) and variable environmental conditions (e.g. water turbulence) that reduce their survival and chances of colliding with eggs (Morisawa et al., 1983; Pennington, 1985; Billard et al., 1986) . Consequently, sperm can be a limited resource, leading to low fertilization rates (Levitan and Petersen, 1995) . In contrast, in species with internal fertilization, such as mammals, birds, reptiles, insects and cartilaginous fishes (i.e. sharks, skates and rays), sperm are typically deposited inside the female reproductive tract by male intromittent organs or taken up by females prior to sperm -egg fusion inside the female's body. In these species, sperm are exposed to the selective environment within the female, which treats sperm as foreign invaders and prevents most sperm from ever reaching an egg (Birkhead et al., 1993) . For example, a mere 0.004% ( 250 sperm) of all motile sperm inseminated reach the Fallopian tubes in humans, and only half of these end up in the ovulatory Fallopian tube to encounter an egg (Williams et al., 1993) . Given the many obstacles on the way to the egg, sperm experience intense natural selection to ensure they fulfil their primary function of fertilization.
However, simply being fertilization-competent is not enough for most sperm to secure fertilization. In most animals, females mate with multiple males during a reproductive period (Birkhead and Møller, 1998; Birkhead et al., 2009) . One consequence of female multiple mating is that malemale competition and female mate choice are extended beyond mating in the form of sperm competition (sperm from rival males compete to fertilize eggs; Parker, 1970) and cryptic female choice (female preference for sperm from certain males; Thornhill, 1983; Eberhard, 1996) . Therefore, in addition to natural selection to successfully fertilize eggs, the evolution of sperm quality is also influenced critically by these processes of post-mating sexual selection, which favour sperm that are able to outcompete sperm from rival males and overcome, or capitalize on, biases in female sperm use.
Playing a pivotal role in one of the most fundamental biological processes, fertilization, sperm are of tremendous interest to reproductive and evolutionary biologists alike, with their unmatched diversity in form and function providing an attractive model for studying trait evolution (Fig. 1) . Males must be able to produce a sufficient quantity of sperm, thereby influencing the evolution of testicular size and function (reviewed in Ramm et al., 2014) , and sperm of sufficient quality to ensure fertility. In this review, we focus on how selection acts on sperm quality. After describing which sperm traits influence male fertility and how postmating sexual selection influences the evolution of these traits, we explore the many factors affecting sperm quality in animals. We then summarize recent studies examining how selection acts on numerous sperm traits simultaneously. What should become clear is that, in our view, selection on sperm quality is intricate, and understanding it requires approaches that tackle its complexities head-on.
Part I: What constitutes high-quality sperm?
Identifying which sperm traits influence male fertility is the first step in understanding how selection acts on sperm quality. Sperm quality is a catch-all term referring to a combination of sperm traits that influence male fertility (Snook, 2005) , including the proportion of progressively motile sperm and their swimming speed, the proportions of viable, structurally normal and acrosome-intact sperm, the sperm capacitation ability, and the absolute and relative dimensions of different sperm components (e.g. flagellum length). All of these sperm traits have been linked to fertility (Snook, 2005; Lewis and Ford, 2012; Simmons and Fitzpatrick, 2012) and tend to covary with the level of post-copulatory sexual selection across species (Hunter and Birkhead, 2002; Gomendio et al., 2006; Montgomerie and Fitzpatrick, 2009; Gó mez Montoto et al., 2011; Rowe and Pruett-Jones, 2011; Simmons and Fitzpatrick, 2012; Lüpold, 2013) . Here, we summarize the link between various sperm traits and male fertility, drawing largely from our own research and interests, and emphasize the importance of post-mating sexual selection in driving the evolution of these traits.
Sperm swimming speed
Probably the best-studied sperm trait relative to fertilization success is sperm swimming speed (reviewed in Snook, 2005; Pizzari and Parker, 2009; Simmons and Fitzpatrick, 2012; van der Horst and Maree, 2014) . Since sperm competition is often viewed as a 'race' among sperm to the egg(s) (e.g. Roldan, 1991, 2008) , it seems evident that sperm velocity and any trait promoting it should be the target of selection-and of research on the evolution of ejaculates. However, accurately determining a male's sperm swimming speed is complex. Sperm velocity can vary (i) among sperm from a single ejaculate (Fitzpatrick et al., 2010; Simpson et al., 2014) ; (ii) among ejaculates across the mating season (e.g. Babiak et al., 2006; Butts et al., 2010; Lüpold et al., 2012a) or across male mating contexts (see Part II); or (iii) among different regions of the female reproductive tract (Overstreet and Cooper, 1975) . Consequently, selection may operate only on a subset of sperm within an ejaculate (e.g. fastest swimming sperm; Mossman et al., 2009) or be exaggerated under specific conditions or at distinct points on the path to the egg (e.g. Overstreet and Cooper, 1975) . Consideration of such variation is important when assessing sperm quality. Nevertheless, growing evidence in a broad range of species suggests that males producing sperm with greater average swimming speeds fertilize more eggs under non-competitive (i.e. single-mate) and competitive (i.e. fertilizations involving two or more males) conditions, indicating that faster sperm are better able to negotiate challenging environments and to reach and fertilize eggs ahead of rival sperm .
Despite its prevalence, the idea of a race won by the fastest sperm might be oversimplified and not universally true. For example, in internal fertilizers, 'racing' to eggs may be meaningless if sperm are unable to bind to the oviductal epithelium prior to fertilization (e.g. Talevi and Gualtieri, 2010) . Moreover, several recent studies show that slow sperm can outcompete fast sperm. One such example is the fruit fly Drosophila melanogaster, in which sperm are nearly as long as the female sperm-storage organ, travel a comparatively short distance and thus may not really be under selection to 'race' into storage or to the egg. Rather, long and slow sperm are better at displacing, and resisting displacement by, rival sperm from female storage, thereby gaining a numerical advantage when it comes to fertilization (Lüpold et al., 2012b) . In several other species, slower sperm may have a fertilization advantage due to a speed-longevity trade-off that allows slower sperm to survive longer (Levitan, 2000; Burness et al., 2004; Helfenstein et al., 2010; Smith, 2012) . For example, in the myobatrachid frog Crinia georgiana, in which fertilization is not instantaneous, slow but prolonged swimming may help sperm traverse multiple viscous jelly coats before reaching the egg Figure 1 Sperm of four species of New World blackbirds (Icteridae) depicting tremendous variation in sperm morphology among closely related species. While the sperm head (nucleus in blue) is fairly consistent in size, the flagellum and particularly the midpiece, which is helically wrapped around the anterior part of the flagellum, vary considerably (Lüpold et al., 2009b) . From top to bottom: Red-winged blackbird Agelaius phoeniceus, yellow-headed blackbird Xanthocephalus xanthocephalus, common grackle Quiscalus quiscula and brown-headed cowbird Molothrus ater. Sperm stained with MitoTracker Green and Hoechst 33342 (blue). Photo credit: Stefan Lüpold.
Evolution of sperm quality (Dziminski et al., 2009) , while in the mussel Mytilus galloprovincialis slow but longer-lived sperm might have more time to search for eggs when gamete densities are low .
These examples illustrate that fertilization can be more complex than a simple race to the eggs. At least in some cases, the velocity of sperm may be the product of selection on other ejaculate traits that interact with swimming speed, rather than being the primary target of sexual selection itself. Thus, one might expect associated evolution of sperm energetics and any morphological traits that influence sperm velocity-an expectation evaluated below.
Sperm energetics
Sperm motility is supported by adenosine triphosphate (ATP), which can be formed by oxidative phosphorylation in the mitochondria of the sperm midpiece or by glycolysis in the sperm flagellum, with the relative importance of these metabolic pathways varying among species (Wishart, 1982; Bedford and Hoskins, 1990; Cummins, 2009) . The prediction that a higher ATP content provides more energy and so may enhance sperm swimming is supported in various animal taxa (e.g. fish: Perchec et al., 1995; mammals: Jeulin and Soufir, 1992; birds: Froman and Feltmann, 1998) . Indeed, a recent comparative study across rodents provides robust evidence that ATP concentration covaries positively not only with sperm velocity but also with the level of sperm competition (Tourmente et al., 2013 ; also see Burness et al., 2004 for an intraspecific example), and across cichlid fishes, Fitzpatrick et al. (2009) suggested that sperm competition acts initially on sperm energetics to produce faster-swimming sperm.
If improved sperm energetics allow sperm to swim faster, then a primary target of selection will be the sperm midpiece. The midpiece houses mitochondria that are essential for energy metabolism (RuizPesini et al., 2007) , and there is some evidence linking sperm midpiece size with ATP production. For example, midpiece length is positively related to ATP production both within (e.g. Atlantic salmon Salmo salar; Vladić et al., 2002) and between species (e.g. passerine birds; Rowe et al., 2013) . Additionally, aberrant mitochondrial morphology or incomplete differentiation of the midpiece impairs sperm motility (Perotti et al., 1981; Holstein et al., 1986; Froman and Kirby, 2005) . Thus, enhanced energy production, or the lack thereof, influences the ability of sperm to generate the power necessary for propulsion.
Linking sperm morphology and performance
Sperm morphology is incredibly variable, even among closely related species (Fig. 1) , and intuitively we might expect there to be a clear link between variation in sperm morphology and performance. The rationale for this expectation is straightforward: sperm should swim faster if they produce more energy (via a larger midpiece) to power forward propulsion (Katz et al., 1989) and/or have a larger flagellum capable of exerting greater thrusting force (Gomendio and Roldan, 1991) . Thus, species experiencing high levels of sperm competition are expected to have larger and more energetic sperm, provided these sperm traits increase competitive fertilization success (Gomendio and Roldan, 1991) . However, identifying clear links between sperm morphology and performance is anything but straightforward .
Studies assessing links between sperm energetics, morphology and swimming speed have generally provided mixed results. Rowe et al. (2013) found that larger midpieces produce more ATP across passerine birds, but this did not translate into faster-swimming sperm. In addition, no clear pattern has emerged from comparative studies assessing evolutionary relationships between sperm midpiece size and sperm competition risk , and intraspecific studies provide mixed support for a link between midpiece length and swimming speed (e.g. mammals: Malo et al., 2006; Firman and Simmons, 2010; birds: Lüpold et al., 2009b; Mossman et al., 2009; Helfenstein et al., 2010; Laskemoen et al., 2010) . Perhaps, midpiece length alone is not the best predictor of sperm energetics, particularly if there is variation in the mitochondrial height, sheath thickness or gyre number among midpieces of identical length (also see van der Horst and Maree, 2014). Moreover, especially in sperm such as those of passerine birds, where the midpiece is helically wrapped around most of the flagellum (Fig. 1) , it may also have supporting or hydrodynamic effects on the 'screwing' forward motion of sperm that are unrelated to energy production (Vernon and Woolley, 1999) .
Similar to the midpiece, resolving the relationship between sperm flagellum length and swimming speed seems perpetually just out of grasp. Several comparative studies have found longer sperm to swim faster, including fishes , mammals (Gomendio and Roldan, 2008; Tourmente et al., 2011) and birds (Lüpold et al., 2009a ; but see Kleven et al., 2009) , and a common evolutionary response to sperm competition is an increase in sperm size and swimming speed . However, this growing consensus from comparative studies is met with highly ambiguous results within species. While a handful of studies have reported positive associations between sperm velocity and flagellum length (e.g. Malo et al., 2006; Mossman et al., 2009; Firman and Simmons, 2010; Fitzpatrick et al., 2010; Simpson et al., 2014) , most have found no such relationship (reviewed in Humphries et al., 2008; Simmons and Fitzpatrick, 2012) . Surprisingly, two recent studies in D. melanogaster and the emu Dromaius novaehollandiae reported that long sperm actually swim more slowly than short sperm (Lüpold et al., 2012b; Simpson et al., 2014) . There is currently no theoretical basis for such a result, but it appears that variation in the relationships between sperm size and speed may in part be influenced by the fertilization environment (i.e. internal versus external; Simpson et al., 2014) . Recent attempts to resolve the relationship between sperm morphology and performance have focused on sperm hydrodynamics, arguing that sperm swimming speed will not depend on absolute flagellum length but rather on flagellum length relative to head size, because the sperm head may cause drag counteracting the propulsive thrust of the flagellum (Humphries et al., 2008) . Whether consideration of sperm head to flagellum length ratios represents a panacea for resolving sperm morphology and performance relationships remains to be seen.
Part II: What factors influence sperm quality?
Above we highlighted some of the sperm traits that contribute to measures of sperm quality. However, recent research has revealed remarkable plasticity in sperm quality. Next, we summarize how complex genetic, social and sexual interactions influence the expression of sperm quality and male fertility.
Genetic control of sperm quality
Although largely dominated by studies of domestic animals, recent research has clarified the underlying genetic control of sperm quality and the complex genetic interactions among sperm traits (reviewed in Simmons and Moore, 2009 ). This work has revealed three findings important to our understanding of how selection acts on sperm quality and fertilizing ability: sperm quality traits (i) are heritable, although levels of heritability vary among traits (e.g. higher for sperm morphology than sperm performance traits), (ii) exhibit significant genetic variation, suggesting that there is ample scope for these traits to respond to selection and (iii) show complex genetic relationships, which can constrain selection on sperm quality (Simmons and Moore, 2009 ). For example, sperm midpiece and flagellum length exhibit negative genetic correlations in zebra finches, Taeniopygia guttata (Birkhead et al., 2005) , while sperm flagellum length is negatively genetically correlated with the proportion of live sperm in guppies, Poecilia reticulata (Evans, 2011) . In these two examples, selection for larger flagella would reduce midpiece length and sperm viability, respectively. If such negative genetic correlations are prevalent, as the existing data suggest (Simmons and Moore, 2009) , then selection will act on suites of sperm traits rather than individual sperm traits in isolation (see Part III).
With our burgeoning understanding of the genetic factors influencing sperm quality we might expect males with high-quality ejaculates to spread through a population and thus reduce variation in sperm traits (i.e. because all males in a population will have high-quality sperm). Yet, this is not the case. As described below, sperm traits can vary within a population and within an ejaculate due to a host of other factors influencing sperm quality beyond the underlying genetic effects.
Condition-dependent sperm quality
Sperm quality can be influenced by the underlying quality of the male producing an ejaculate, a phenomenon known as condition dependence (Rowe and Houle, 1996) . Because ejaculates are energetically costly to produce, only males in good condition are expected to be capable of investing in large quantities of high-quality sperm. For example, sperm quality generally declines with male age, presumably due to reduced condition in older compared with younger males (Kidd et al., 2001; Preston et al., 2011) , or it can depend on a male's ability to acquire resources. In the dung beetle Onthophagus taurus, for example, larger males in better condition produce shorter sperm (Simmons and Kotiaho, 2002) , which are more competitive during sperm competition (García-González and Simmons, 2007) . Similarly, in the guppy, males with more sexual colouration produce faster-swimming sperm (Locatello et al., 2006; Pitcher et al., 2007) and are better sperm competitors (Evans et al., 2003) . As investment in body size and sexual colouration are influenced by male diet, these findings suggest that males in better condition are better foragers and highlight a role for diet to influence sperm quality. Indeed, there is a long-standing appreciation that dietary supplementation, particularly with antioxidants, can improve sperm quality (e.g. Suleiman et al., 1996; Zareba et al., 2013) , although effects are dose-dependent and sensitive to the combinations of antioxidants applied. Nevertheless, recent experimental manipulation of dietary antioxidants in male crickets (Teleogryllus oceanicus) revealed that males supplemented with the antioxidants vitamin E and b-carotene produce competitively superior ejaculates (Almbro et al., 2011) .
Male -male and sperm -sperm interactions
Sperm quality is influenced by interactions among males, both before and after sperm release. In many species, males tailor their sperm quality in response to social cues, typically increasing sperm quality when mating under social environments that are more likely to generate sperm competition. For example, socially subordinate male Arctic charr Salvelinus alpinus and fowl Gallus gallus, who cannot monopolize access to females and so are more likely to experience sperm competition, produce faster-swimming sperm than socially dominant males Cornwallis and Birkhead, 2007) . In the broadcastspawning ascidian Styela plicata, a hermaphroditic species with external fertilization, individuals housed in high adult densities produce larger, longer-lived and more motile sperm than individuals housed in low densities (incidentally, egg size is also influenced by adult density in these hermaphrodites; Crean and Marshall, 2008) . In the Goulidan finch Erythrura gouldiae, in which different male colour morphs have different mating strategies, Immler et al. (2010) reported exceptional within-individual plasticity in sperm morphology. Males housed in social environments with an elevated sperm competition risk increased the size of their sperm midpiece compared with before the experiment, suggesting that they invest more in sperm energetics in response to increasing sperm competition risk. These findings emphasize that measures of sperm quality are often context-dependent.
Male-male interactions can also take the form of direct interactions between sperm from rival males. Assessing sperm performance inside the female's reproductive tract in D. melanogaster (Fig. 2a) , Lüpold et al. (2012a,b) demonstrated that a male's sperm swimming speed is influenced by that of a competitor's sperm. Specifically, when competing in the same reproductive tract, fast sperm swim more slowly in the presence of slow sperm, while slow sperm speed up in the presence of fast sperm compared with control competitions among equally fast sperm. Such post-mating male -male interactions between competing sperm further complicate attempts to predict how sperm quality will influence male fertility.
To explain the mechanism(s) underlying the context-dependent and often rapid within-individual plasticity in sperm quality described above, researchers have invoked the effects of seminal fluid, a non-sperm component of the ejaculate. Seminal fluid, which often makes up the vast majority of an ejaculate (e.g. Cameron et al., 2007) , contains a complex cocktail of accessory-gland proteins, in addition to variable amounts and combinations of steroid hormones, sugars, lipids, ions or buffering acids and bases (e.g. Poiani, 2006; Pitnick et al., 2009; Juyena and Stelletta, 2012) . The seminal fluid proteins in particular play critical roles in (i) sperm nourishment, (ii) sperm capacitation, (iii) protecting sperm against pathogens, oxidative damage or female immunological attack, (iv) maintaining sperm motility and viability, (v) acrosome reaction and/or (vi) interactions with the ovum during fertilization, thereby contributing substantially to sperm quality (reviewed in Poiani, 2006; Avila et al., 2011) . Especially in mammals and insects, there is also growing evidence that many seminal fluid proteins are under strong positive selection (e.g. Clark and Swanson, 2005; Haerty et al., 2007) , particularly those involved in enhancing female fecundity (e.g. Pang et al., 1979; Gillott, 2003) or competitive fertilization success (e.g. Chapman, 2001) . In several species, males modulate the amount and/or composition of the seminal fluid relative to the risk of sperm competition or the reproductive value of the female with each mating to maximize their reproductive success but minimize any unnecessary expenditure on seminal fluid (e.g. Cornwallis and O'Connor, 2009; Wigby et al., 2009; Sirot et al., 2011) . Strategic allocation of seminal fluid makes sense because it is energetically costly and often seems to deplete more rapidly than sperm across successive matings (e.g. Linklater et al., 2007; Sirot et al., 2009; Reinhardt et al., 2011) . In fact, due to these costs, males are predicted to benefit by investing less in seminal fluid proteins with a beneficial function (e.g. stimulating fecundity or buffering the challenging conditions of the female reproductive tract) if these have already been transferred by a previous male and can thus be exploited (e.g. Hodgson and Hosken, 2006) .
Sperm -female interactions and cryptic female choice
Most research on the evolution of ejaculates and competitive fertilization success focuses exclusively on variation among males (reviewed above). However, females are not passive vessels through which sperm traverse and instead can actively influence sperm. The mere presence of females can alter sperm quality. Male guppies housed in view of females produce faster-swimming sperm compared with when housed alone (Gasparini et al., 2009) , a result that is influenced by male relatedness to females and likely explained by the well-described surge in androgens associated with exposure to females (e.g. Olsén and Liley, 1993) . Once sperm are released, interactions with the female reproductive tract (in internal fertilizers) or substances produced by females (in internal and external fertilizers) can dramatically alter their quality and thus male fertility through the post-mating process of cryptic female choice (Fig. 2a) . While females may actively eject sperm shortly after copulation in some taxa (e.g. Dean et al., 2011; Lüpold et al., 2013) , more common mechanisms of cryptic female choice involve morphological, biochemical and physiological barriers within the female reproductive tract or fluids secreted by the female that alter sperm performance and/or allow only a small fraction of sperm to reach the egg (e.g. Birkhead, 1998a; Turner and Montgomerie, 2002; Suarez and Pacey, 2006; Yeates et al., 2013) . Such female selective mechanisms may have evolved to eliminate fertilization-incompetent sperm , limit the risk of egg penetration by multiple sperm (Levitan et al., 2007) , recruit compatible sperm to eggs (e.g. Gasparini and Pilastro, 2011) or to ensure eggs are fertilized by the best available sperm (e.g. Birkhead, 1998b) . If so, mating with multiple males would allow females to incite competition among sperm and increase the likelihood of fertilization by the most competitive male, thereby producing sons that are themselves better sperm competitors (Curtsinger, 1991; Keller and Reeve, 1995) or, if sperm quality is directly linked to underlying male genetic quality, offspring of superior genetic quality (e.g. Yasui, 1997) .
The highly dynamic and selective environment of the female reproductive tract can dramatically influence the fate of sperm. As a result, Figure 2 Incorporating the complexities of sperm-sperm, spermfemale and multivariate selection into the study of sperm quality. (a) In D. melanogaster, the challenges of observing sperm competition events within the female reproductive tract and of discriminating the sperm of different males have been overcome by genetic engineering so that males produce sperm whose heads express either green or red fluorescent protein (Manier et al., 2010; Belote et al., 2013) . Here, the 10-mm long sperm heads are visible, but not the roughly 1850-mm long flagella, within the seminal receptacle (SR, primary sperm-storage organ) and one of the two spermathecae (ST, secondary sperm-storage organs) of a twice-mated female. After re-mating, the second male's sperm (here in red) begin to enter the storage organs and physically displace resident (green) sperm, which are then ejected by the female along with any excess second-male sperm (Manier et al., 2010) . The relative ejaculate quality among males and the female timing of sperm ejection determine the relative numbers of sperm in storage, and ultimately paternity (Lüpold et al., 2012b . The scale bar represents 20-mm. Photo credit: Stefan Lüpold. (b) Determining how non-linear multivariate selection acts on combinations of sperm traits is made easier by visualizing the ejaculate fitness surface, the rugged landscape that illustrates the relationships between sperm traits and fitness. This example, from the broadcastspawning mussel M. galloprovincialis, depicts the relationship between two axes (m2 and m4) of non-linear selection and relative male fertilization rate (i.e. a male's fertility in comparison with the other males in the population, where values of one represent average male fitness, and values above or below one represent above-or below-average male fitness, respectively). Axes of non-linear selection (m2 and m4) comprise combinations of sperm traits, allowing the impact of combinations of sperm traits on male fertility to be assessed simultaneously. In M. galloprovincialis, males achieve the highest relative fertilization rates (i.e. positive values on the m2 and m4 axes) under sperm-limited fertilization conditions if their sperm swim slowly, in curved paths, and are less motile, have smaller heads and are released in higher densities (figure modified from Fitzpatrick et al., 2012) . the fertilization success of an ejaculate, whether or not in competition with other ejaculates, may depend less on its intrinsic quality than its ability to successfully interact with the female reproductive tract and the egg (e.g. Wilson et al., 1997; Clark et al., 1999; Miller and Pitnick, 2002) . This means that ejaculate phenotypes in the narrow sense may not exist outside of the biochemically and structurally complex environment imposed by the female and may have to be considered a special case of gene-by-environment interactions ; also see Ingleby et al., 2010) . Ejaculate -female interactions may involve a number of ejaculate-mediated modifications of female gene expression and reproductive physiology. For example, in species ranging from insects (e.g. D. melanogaster) to bird (e.g. turkey) to mammals (e.g. mice, pigs), sperm and seminal fluid elicit changes in the conformation of the female reproductive tract that facilitate sperm transport (Ravi and incite genomic and proteomic modulation of the oviduct (e.g. Ellington et al., 1993; Long et al., 2003; Fazeli et al., 2004; Georgiou et al., 2007; Avila et al., 2011) , which may allow females to bias paternity towards sperm bearing either an X or Y chromosome (i.e. a gender biasing mechanism: Almiñana et al., 2014) and impact on offspring health (Bromfield et al., 2014) . In turn, females can induce alterations of sperm, such as (hyper)activation and capacitation, or proteolytic cleavage of seminal fluid proteins (Ravi Suarez, 2008; Pitnick et al., 2009) . These intimate interactions of ejaculates with female reproductive tract morphology and physiology can result in particularly rapid diversification of these traits, either because one trait tracks evolutionary changes in the other or because they mutually exert selection on each other (Arnqvist and Rowe, 2005; Pitnick et al., 2009) .
All these interactions between ejaculates and females combined clearly demonstrate that the historical male-centric perspective greatly limits our apprehension of the evolution and adaptive significance of sperm quality. Studying sperm within the context of the female selective environment, which is increasingly possible following the development of genetically engineered males whose sperm express fluorescent proteins that can be observed operating inside the female reproductive tract (Manier et al., 2010 Lüpold et al., 2012b Lüpold et al., , 2013 Marie-Orleach et al., 2014; Fig. 2a) , is rewarded by opening numerous promising, and ultimately more realistic, avenues for understanding the complexity of ejaculate quality and male fertility both in reproductive and evolutionary biology.
Part III: How should we quantify sperm quality?
Although we are gaining an increasingly sophisticated view of how selection acts on individual sperm traits, understanding the selective forces shaping the ejaculate as a whole during the crucial period between sperm release and fertilization remains challenging. Males cannot invest maximally in all of the sperm traits that influence fertility. Both sperm and non-sperm ejaculate components constitute substantial energetic costs, resulting in important trade-offs between sperm quality traits (e.g. Levitan, 2000; Burness et al., 2004; Smith, 2012) , sperm quality and quantity (e.g. Pitnick, 1996; Immler et al., 2011) , sperm and non-sperm components (e.g. Cameron et al., 2007; Parker and Pizzari, 2010) or even between total investments in ejaculate production and mate acquisition (e.g. Kvarnemo and Simmons, 2013; Lüpold et al., 2014) . Trade-offs among sperm traits can be mediated by developmental or functional links or by genetic correlations: the latter in particular can constrain or augment selection (Simmons and Moore, 2009; Evans, 2011) . Thus, making sense of how selection acts on the many interacting components of the ejaculate requires a multivariate approach that treats the ejaculate as a functionally integrated unit.
Incorporating the complexities of selection into the study of sperm evolution is not trivial. However, by progressively overcoming major methodological challenges, we are beginning to get a clearer view of how selection acts on multiple sperm traits simultaneously (Fig. 2) . Recently, Boschetto et al. (2011) and Lüpold et al. (2012a, b) applied multivariate analyses to tease apart the relative effects of sperm number, length and speed when assessing the competitiveness of recently inseminated sperm, demonstrating that selection acts on all of these sperm traits and varies in intensity among them. In addition, two recent studies in broadcast-spawning marine invertebrates used multivariate analyses to quantify selection on multiple sperm traits simultaneously Johnson et al., 2013; Fig. 2b ). These studies provide two important insights. First, selection for specific combinations of sperm traits is context-dependent: the combinations of sperm traits generating the greatest male fertility depended on sperm concentration Johnson et al., 2013) and sperm age (Johnson et al., 2013) . Thus, when reproductive conditions are variable, as we argue above is the typically the case, context-dependent selection should maintain variation in sperm traits within a population (Johnson et al., 2013) . Secondly, non-linear selection on combinations of ejaculate traits appears to be far more prevalent than linear selection (Fig. 2b) , further complicating our understanding of how selection acts on sperm quality Johnson et al., 2013) . Consequently, identifying which sperm traits impact fertility may not be as intuitive as once thought, as non-linear (i.e. disruptive or stabilizing) selection can promote intermediate combinations of ejaculate traits or combinations of traits at either side of a distribution.
There is clearly scope for further multivariate assessments of sperm quality. For example, incorporating recently developed sperm quality assays that predict male fertility, such as sperm DNA damage (i.e. DNA fragmentation analysis; Enciso et al., 2006; Johnston et al., 2007; Č erná et al., 2008; Ló pez-Fernández et al., 2009; Gosálvez et al., 2011; Imrat et al., 2012) and mRNA abundance within the ejaculate (Kasimanickam et al., 2012) , into multivariate examinations of ejaculate quality would be an excellent next step. Moreover, combining multivariate approaches with other powerful experimental tools, such as experimental evolution altering the strength of sexual or social selection (e.g. Crudgington et al., 2009; Firman and Simmons, 2011) , has the potential to dramatically enhance our understanding of the evolution of sperm quality. Finally, throughout this review, we have argued that tradeoffs exist among sperm traits. Yet, while the idea of trade-offs among sperm traits may be straightforward, we have surprisingly scant knowledge of how males balance the costs of producing high-quality sperm with competing energetic demands (see Lüpold et al., 2014) . Coming to terms with the costs associated with selection for high-quality sperm within a multivariate framework would help to move the field forward. Overall, with our growing appreciation of the complex patterns of selection on sperm traits and the many potential avenues for future exploration, the coming years promise exciting insights into the evolution of sperm quality.
Evolution of sperm quality
Conclusion
The relevance of the findings in non-human animals summarized in this review to human fertility may seem opaque at first. However, researchers in the fields of evolutionary biology and reproductive medicine face many of the same challenges when quantifying sperm quality and typically rely on the same metric of male success-fertilization. Consequently, the insights gained into sperm quality in non-human animals can help inform our understanding of human fertility. Throughout this review, we emphasize the importance of examining the ejaculate as a functionally integrated unit when assessing sperm quality, while simultaneously considering the impacts of male -male, sperm -sperm and sperm -female interactions, and associated selective processes on sperm traits and male fertility (Fig. 2) . We anticipate that assessing the many sperm traits examined in standard clinical procedures (e.g. Cooper et al., 2010) in a multivariate context, while accounting for potential female effects, will enhance our understanding of which ejaculate traits contribute to sperm quality and (in)fertility in humans. However, information transfer between disciplines is a two-way street, and evolutionary biologists have a lot to learn from reproductive medicine. Indeed, techniques now standard in both fields (e.g. computer-assisted sperm analyses, sperm viability assays) were first developed and refined in a clinical setting. Evolutionary biologists would benefit from emulating the focus on understanding how reproductive physiology influences sperm quality and standardized protocols for assessing sperm quality, which are commonplace in reproductive medicine (Pacey, 2009 ). However, capitalizing on the enormous potential for knowledge exchange between disciplines to inform our understanding of sperm quality will require far more cross-disciplinary discussions and collaborations. Our hope is that this review will contribute towards this exchange.
